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Abstract

The enérgetic eléctron environment at the geosynchronous orbit is very inténse,_
dynamie, penétrating, and responsible for a variety of adverse charging effects on
spacecraft componeénts. The most derious of these {5 the degradation and faflure
of widely used complementary-metal -oxide -semiconductor (CMOS) electronie com -
ponents as a result of internal charge-buildup induced by the energetic electrons,
Efforts to accurately détermine the expected lifetime of these coniponerits in this
orbit have beén hampered by the lack of detatled knowledze of the eléctron dpeétrum
and intensity, particularly of the more penetrating energles > 1,5 MeV, Large
uncertainties thérefore exist in current radiation models for this region 48 a result
of thede deficiencies. This problem is illustrated through the calculation of the dose
received by a CMOS device from the energétic electrons and associated brems -
strahlurig ds a function of aluminum shielding thickness using the NASA AE-6 and
the Aerospace measured eléctron environments. Two coriputational codes which
have been found to be in géod agreement were used to perform the calculations, For
a given shielding thickness the dose received with the two radiation environments
differ by a8 much as a factor of sévern with a corresponding variation in lifetime of
the CMOS, The important role of bremsstralilung to the problem at the larger
: &hielding thicknesses is evident from the results. These discrepancies, which ad-

versely imphct spacecraft shielding designs, will be resolved on the SCATHA inis-
I 8ion since the High-Energy Particle Spéctrometer expériment (SC-3) will provide
firie res6lution measuremeénts of the electron fluxes, eriergy spectra; afid pitch-
arigle distribution over the énergy range 100 keV t6 4 MeV and the integral fiux be-
tween 4 {6 10 MeV. Prétons ffom 1 MeV to 100 MeV arid alpha particles from 6 MeV
to 80 MeV will aldo be measured. The differéntial and acciimulated dose réceived
as a furiction of shielding thickiess wiil be deteérmiiiéd in real tithe throughoit the
mission from the measured quantities and the calciilational codés,
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1. INTRODUCTION

A satellite in the geosynchronous orbit is subjected to an intenige, continuous,
highly dynamic, &nd very penetrating radiation envirtnment, The energetic elec-
tron population (> 100 keV) eéxhibits large variations {n intensity and gpectral shape
associated with geomagnetic storms and substorms, In adaition, the particle popu- -
lation exhibits diurnal and longitudinal variations that are significant. At the time
of solar particle events, high-energy protons, electrons, and alpha particles of
solar origin also have ready, efficient, access to the geosyrnchronous orbit. This
compleéx radiation environment, which is difficult to model, is responsiblé for a
variety of adverse charging effects on spacecraft cothponents. The most gerious
of these problems, just identified in recent years, is the degradation and ultimate
failure of complementary-metal-oxide -semiconductor (CMOS) é&lectronic compo-
nents due to internal-charge -buildup induced by the ionizing radiation in the gate
oxidé and :t the semiconductor -insulator interface of the devices. This process
ocecurs at radiation dose levels approximately two to three orders of magnitude
below the level where bulk radiation damage occurs in typical semiconductor de-
vices. The overwhelming attractiveness of CMOS devices including their low power
conSumption and large-scale -integrated circuit capabilities has resulted in increased
usage of these devices for satellite applications, including long-lived geosynchrorous
gatellite orbit applications, despite these problems.

Contending with the charge-buildup problem requires that three distinct areas .. .
be investigated: (1) the sensitivity of CMOS, PMOS, and éther conipornents to ]
ionizing radiation must be déiermined as a function of radiation particle typé and
energy, cornporiént part type, manufacturing process, and application; (2) the
radiation envirchment to which the devices will be exposed in orbit must be estab-
lished: and (3) baséd on the environment and the mission lifetime desired, the
added shielding to maintain the radiation dose below the damaging levels must be
determined.

Radiation sensitivity tests on a variety of components are undérway in séveral
laboratories employing principally radioactive gamma-ray emitting sources and

‘ electron acceléerators. Both of these sources only approximate the actual cornplex
: eléctron Spectrum encountéred ih geodynchronous orbit but the accurdcey of the
technique is felt to be better than our present knowledge bf thé environmerit itself,

The principal modéls of the électron radiation environmert in the geosynchro-
nous orbit are provided by NASA and are referréd to as the AE-4! and the AE-8
models. 2 Doth modeéls are thought to hdave dccuracies of only a factor of two to
three. Recently, éfiergetic électron medsurements made on thé ATS-6 synchronots
satellite by thie Aerospace gi'o‘ﬂﬁa stiggést that the actual électron flix is highet and
the spectrum moreé enéigetic than the NASA model predicts. Thé cofiséquerices of
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the adoption of the latter environment are significarnt to spacecraft designers in
that greater shielding is required to maintaln the CMOS devices below the damiage
level, Increased shielding means increased welght which always has an adverse
effect on spacecraft design, The principal reasons for the inaccuracies afnd dis-
crepanciés in the model environments are the Hmited measurements dviilable over
long time periods, extended energy ranges and with sufficient speetral resolution.
Until this situation improves, the spatecraft designer will be unable to optimize his
shielding treatment and must design congervatively.

In this paper an experiment will be described that will te flown aboard the
SCATHA satellite in near-synchronous orbit in 1879. A prime goal of the experi-
ment, identified as SC-3, will be to define the enérgetic particle radiation envir-
onment in corisiderable detail and to determine the actual dose received in this
orbit by devices such as CMOS behind various ghielding thickness. The experirient
will be operated continuously for at least a year and the differential and accumulated
radiation dose will be determined in near-real.time. The dose will be determined
from the measured differetitial spectrum of electrons, protons, and alpha particles
in conjunction with particle transport calculations that establish the surfdce dosc
behind different thicknesgés of aluminum shielding.

Until the above measuremeénts are available, determination of the dose acquired
in the geosynchronous orbit and the required shielding of CMOS devices will have
to bé inade with the available énvironmental models, Extensive dose calculations
have beén performed at Lockheed and are described in this paper using both the
NASA and Aérospace eléctron environmernts and émploying two different transport
codes to develop confidence in the technique. The calculations have included the
dose aequired from the breméstrahlung generated by the electrons in the shielding,
Solar flare proton doses as & function of shiéldifig thickness have also been deter-
mined for an exténded miseion satellité operating over the solar maximum period.

2. RADIATION ENVIRONMENT

The dosé in the synchronous orbit comes principally Irom the outer radiation
belt electrons. Figure 1 shows the integral flux of these electrons as a function.-of
énérgy obtained from the latest NASA AE-6 modelz end from the Aerospace
méasurenients, 3 Thé AE -8 model fluxes are mean valies applicable in the 1980
time period for a magnetic L-shell of 6, 6, répredentative of the 8yrchronous orbit.
It should bé noted that no substantial différeénces exist between the AE-6 dnd the
earlier AE-4 models in this region of spacé. As mentioned earlier, the NASA
model 18 believed ‘o be accurate to within # X2 to 2 X3, The Aérospice valies are
based on d few hurdred days of data obtained 1h 1975-78 with afi iristrumerit on the
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ATS-6 satellite and conflrmed by earlier data obtained on the ATS-1 synchronous

satellite,

1o?
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m] ! N 1
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The most significant differences in the two environments éxist at the higher
energies > 1,5 MeV. At 1 MeV energy the Aerospace (lux values are X3 higher than ‘4
the mean AE -8 values, but the upper limit of the latter model would be consistent
with the former valués. Above this energy the differenceés becomée progressively
larger with the Aerospace fiuxes being a factor of 5 and 12 higher. than the AE-8.
values at energles of 2 and 3 MéV, respectively, These differences are duetoa
gofter electron spectrum used {n the AE <6 model, that {s, the flux decreases more
rapidly with inéreasing energy.

Because of the quasi-random nature of the occurrences, fluences, and spectra
of solar particle évents, solar proton flukes must be treated statistically. For a
synichronous satellite mission operating for four years in the 1878 to 1682 t{meé
period encompassing tlie next makimum in solar activity, the solar proton flueéricés
weré derived fiom the model gérierated by King. 4 This model is based heavily on

I A I U S .U

704




the data obtained during the last solar cycle-20 which is assumed to be typical of
the upcoming cycle-21, It should be ntted that approsimatély 85 percent of the
flience experiénced in cycle-20 was acquired during the single large event of
August 1972,

3. DOSF. CALCULATIONS

The electron spectra shown in Figurfe 1 have been used as input to two inde-
péndent computer programs that calculate doseé, The first program calléd AURORA
was originally developed at Lockheed to treat the énergy deposited in the atmos-
phére by precipitating electrons, 5 The program was adapted for this purposge by
substituting plane -parallel sheets of aluminum as the absorbing media in place of
the atmospheric constituents. The program utilizes finite difference techniques to
numerically solve the Fokker-Planck steady-state equation for electrons diffusing
through the medium. The derivation of the diffusion equation is rigorous and takes
into accoutit chinges in the ¢lectron distribution function as a furiction of time, pitch
angle, éneérgy, and the radial distance from the axis of the electron beam. The
diffusion coefficients used to describe the pitch-angle scattering in the diffugion
equatioh are valid down to electron energies of ~1 keV. The treatment is relativ-
istic and therefore vilid at all higher éléctron energies. The AURORA code does
not, howéver, include the surface dose at the CMOS chip due to the production of
bremsstrahlung in the 8labs by the input éléctrons,

In Figure 2 the surface dose accumulatéd per year in the sytichronious orbit at
the surface of a CMOS chip sandwiched bétween two infinite plane aluminurn shields
of equal thickneds i8 shown for both the AE-8 and the Aerospace electron fluences
as inputs. The 0.010-in. rickel covér on the CMOS elements provides a measure
of shiélding and this has been included in the calculations. The shielding thickness
shown in Figure 2 is the addition4l shielding required around the component,

The sécond set of eléctron dose calculations were kindly performed by the Air
Force Weapons Laboratory (AFwL)® using their Monté Carlo téchnique. This pro-
grém includes the secondary doseé due to bre ~sstrahlutig. Comparigon in Figure 2
of the AFWL and AURORA code outputs for the Asrospace flux profiles reveals
essential agreément for shielding thicknesses up to 0. 15 inch. For greater shield-
ing the bremsestralilung dose includéd in the AFWL code beging to dominate, This
illustratés the impracticality of utilizing large thicknesses of low -dénsity material
to shield "sott" devices in this environment. If a soft component requires greater
thah ~0,2 in. (1,39 g/ em?) of aluminum shieldifig to survive the mission dtration
then additional consideration must bé given to using high-dénsity shielding such as
lead, tungstén, copper, &tc., inside theé aluimirum to attehuaté the brémsstrahlung
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dose. This latter effort 15 much movre difficult and welght-demanding than shielding
the direct electrons and s not addressed furthor in tala paper,

10"}= SYNCHRONOUS ORBIT DOSES VS ALUMINUM SHIELDING

THICKNESS FOR A CMOS DEVICE WITH A 0, 010-INCII
NICKEL COVER BETWEEN TWD BLANE SHIELDS OF
EQUAL THICKNESS

TRAPPED ELECTRONS
(DOSE PER YEAR FROM AEROSPACE FLUX PHOFILE)

LMSC AURORA CODE
(DIRECT ELECTRON DOSE ONLY)

= == == AFWL MOUTE CARLL CODE
(INCLUDES BREMSSTRAHLUNG
CONTHIBUTION)

= TRAPPED ELECTRONS DOSE BER YEAR
AE-8 ENVIRONMENT

AFWL MONTE CARLO CODE
(INCLUDES BREMSSTRAHLUNG
CONTRIBUTION)

13k

BOLAR FLARE PROTONS

(FOTAL DOSE FROM MAX.
OF SOLAR CYCLE 20)

10* i TR W | J W W S B
0 0.10 0.20 0.28
SHIELDING THICKNESS (INCHES OF ALUMINUMj

Figure 2. The Dose Acquired in Synchronous Orbit
From Trapped Electrons and Solar Protons as a
Funetion of Shielding Thickness. The annual electron
dose has been caleulated for the Aerospace Environ-
ment utilizing two independent cotriputer codes described
in the text. Theé annual dose due to the AE-8 eleéctron
environment and the associated bremsstraklung has ‘;
been calculated with the AFWL code 1

The impact of the two electron environments can also be easily seefi in Fig-
ure 2, For a shielding thickness of 0. 10 in., a thickness that typically surrsunds
da CMOS ¢hilp enicased {1 an electronics box within a spacecraft skin, the CMOS chip
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would recéive a yearly doso ef 10, 000 rada ir the AE~6 environment but a dose of
70, 000 rads in the Aerospace environment. An equivalent way of expreasing this
tmpuet {8 that a CMOS device behind 0, 1-in, aluminum that has n damage level at
.0, 000 rads would furiction for ené year in the environmant répresented by the

AE-8 model but only 51 days in the Acrospace environment, The impact on miasion
lifetime {s obviously very sighificant and at present the spacecraft designer muat
shield eonservatively.

The most probable dose received in a migsion riear the solar maximum period
from solar protons is also shown in Figure 2. The total fluence cxperienced in
cycle-20 as a function of proton eriergy was obtained from Klng4 and was assumed
to be typical of the maximum flueni¢es to be encountsred in cycle-21. A proton
energy deposit'on computer program called PROTON’ developed at Lockheed was
used to détérmine thé dose behind plane-parallel slabs of aluminum shielding. To
determihe the total dose received by a CMOS dévice behind a given shieldthickness,
the contribution from the solar protons must be added to the cotitribution from the
trappeéd electrofis.

The relationship between the dose level shown in Figure 2 to the damage levels
of CMOS, PMOS, and most bipolar junction tfansistors is illustrated in Figure 3.
The annual dose due to electrons and bremsstrahlurg in both the AE-6 and Aerospace
énvironments is shown out to shielding thicknesses of 0.7 inch. The relatively con-
stant bremsstrahlung dose of between 250 to 800 rads per year (AE-6 vs Aerospace
models) accumulated behind thick shiélds is quite évident and along with the solar
protott dogé becomes the limiting factor on the radiation softness of a device that
can be tolerated in a long duration synchronhous orbit mission.

Curréntly available soft CMOS and PMOS devices exhibit serious degradation at
levels between 4000 to 16, 000 rads dué to the charge-buildup problem. Reliable
utilization of thesé devices in evén 4 one-year mission would require aluminum
shielding of approximately 0. 2-in. thickhi¢ss. Hardened CMOS devices, now be-
coming available, have degradatiun levels in excess of 150, 000 rads. A nominal
shielding thickness of 0. 08 in, aluminum will protéct a hard CMOS device for a
minimum of one-year operation in the synchronhous orbit. Many linear integrated
circuits have exhibited damage levels as low as 20, 000 rads and correspondingly
greater shielding is required with these devices. As méntioned earlier, knowledge
of the radia: i6fi sensitivity of the eléctronic components to be used in an application
is esgential to long-lived, reliabie operation. Unfortunately, the tadiation sénsi-
tivity of cutrently available devices having identical patt types can vary greatly
from supplier to supplier depending upon the manufacturing process used and can
everi vary significaritly from wafer to wafer within the same manufacturing process.
Extreme caution is the watchword,
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SYNCHRONOUS ORBIT GGSES VS, ALUMINUM SHIELDING ,
THICKNESS FOR A SILICON DEVICE WITH A 0,010-INCH ‘
NICKEL COVER BETWEEN TWO PLANE- SHIELDS-OF EQUAL
THICKNESS . .
BIPOLAR JUNCTION TRANSISTOR DEGRADATION LEVEL

— o ———— S T — S Gt 5D D S e W - w—

W DOSE PER YEAR FROM-AEROSPACE FLUX PROFILE . -
2 r ELECTRONS AN BREMSSTRAHLUNG
§ i DOSE PER YEAR FROM NASA AE-6 ENVIRONMENT
1%k CURRENT COMMERCIAL CMOS
\ DEGRADATION RANGE
- v —— i, . —— - ——— v — — e ————— —
\
\
B N\
10E
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i ~—e .
SOLAR ELARE PROTONS — i
{TOTAL DOSE FROUM MAX, e .
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SHIELDING THICKNESS (INCHES OF ALUMINUM)

Figure 3. Relationship Between the Annual Dose va
Shielding Levels Acquired in the Synéhironous Orbit
From Electrons and the Adgociated Bremsstrahlung
and the Damage Levels of Typical Electronic Devices.
The solar flare proton dose is that likely to be acquired ‘
on a long-duration mission operating during ilie golar ;
maximum period 1978-1882 :

4. EXTENDED DURATION MISSIONS

Most synchronous satellite missions are desigried to operate for more than
ofie year in orbit, To illustrate the impact of the radiation environment. on these
extended missions the total dose acéumulated as a funétion of shielding thickness
haa been tabulated in Table 1 for a four-year mission operating in the s6lar maxi-
murn period 1078 t6 1983, |
Assuming that a typical payload contal.iing CMOS or equivalent éomponents l
would be éhielded with & minimum of 0; 1 in. of aluminum, Tab'e 1 8hows that the ‘
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¢hip would receive a total dose over the 4-yeas period of 43, 800 rads or 193, 600
rads depending on whether the A6 or the Aerospace environment,. respectively,
is used. Hard CMOS with this shielding would survive in the AE-6 enviroriment
but could be marginal in the Aerospace environiment. Most linear integrated cir-
cuits would require 0.2 in, of shielding to survive the Aerospace environtnert for
four years, but less than 0, 15 in. if the NASA environment {s more representative.

Table 1. Total Dose (rads-Si) vs Aluminum Shielding for 4-Year
Synchronous-Orbit Mission 1978 to 1982

Qﬁ?ﬁ‘éﬁ? Electron Plus

Thickness* Bremsstrahlung Dose Solar Total Mission Dose
(in, ) AE-6 Aerospace Protoiis AE-6 Aerospace
0. 050 340, 000 | 1, 200, 000 2, 800 342,800 1, 202, 800
0. 075 116, 000 460, 000 2,050 118,050 462, 050
0. 100 42,000 192, 000 1,600 43,600 193,600
0. 150 6, 200 37,200 1,050 7,250 88, 250
0. 20C 1,720 9,600 760 2,480 10, 360
g, 250 1, 140 4,720 | 580 1,720 5, 300
0. 500 1,000 3, 200 230 1,230 3,430
0.700 960 2,800 146 1, 100 2,940

*CMOS chip with 0, 010-in, Ni cover behind two plane aluminum. gshi¢lds of equdl
thickness,

Finally, since soft CMOS and PMOS devices can experience problems at dose
leveln a5 low as 4000 rads, shielding of these devices for a 4-year misgion should
conservatively cénsist of ar outer layer of aluminum approximately 0.25-in. thick
with dan inner layer of 1éad ur equivalent foil (0. 02 to 0. 05 in.) to furthér reduce
the bremsstrahlung contribuion, Other sandwich comibinations 6f aluminum and
high-density metals can be ut ad effectively but ¢aution must be exercised. High
density materitls are more weight=éffective in reducing the transmission of the
{néident electrons since a higher fraction of the electrons backscatter out of a high-
den ity shield. However, the bremsstrahlung préduction in a high-density shield
18 greater than in a low-density shield of the sarie electron ghielding effectiveness
by a factor 6f approximately the ratio of the atomnic numbers. Hence, the brema-
strafilunyg production is 7.5 times higher iri a lead éhield than in an sluminum shield
of the safrie electron stopping power. A good conipromiise iri shielding soft devices
is to stop inost of the incidént eleétrons in a low-Z miaterial such as aluminum and
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to follow this, if necessary, with a high-Z material to attenuate the bremmstrahlung
photons generated in the outer shield,

5. SCATHA HIGH-ENERGY SPECTROMETER

The SCATHA satellite, which will be launched in 1979 into a near-synchronous
orbit, will carry a high-energy particle spectrometer, referred to as the SC-3
experiment. One of the prime objectives of the experiment is to define the ener-
getic radiation environment in this orbit in considerable detail and to determine in
near-real time the dose acquired by the payloads and spacecraft equipment. To
accorujlish this, the gpectrometer will be operated contintiously and the measured
differential spectra of electrons and protons will be used as inputs to the dose cal-
culation codes described in this paper.

The spectrometer i very similar in desigh to one described in an earlier
paper that bas been successfully flown in space four timesd on two low-altitude
migsions. 7The spectrometer consists of & stacked array of surface-barrier silicon
detectors sirrounded by an active plastic-scintillator. Passive shielding consisting
of an outer layer 6f aluminum and an inner layer of tungsten surrounds the entire
assembly to shield against electrons with energy <4 MeV and against the associated
bremsstrahlung., The stacked silicon detectors are arranged with a thin (200-p1)
detector in front to measure the rate of energy loss by the incoming electrons, pro-
tons, and alpha particles. Siuc»these three pdrticle types have signifi cantly differ-
ent characteristics in passing through matter, the energy loss in the thin detector
¢an be used to uniquely identify the particle type under analysis. Behind the thin
de/dX detector is an array of five detectors that are used to stop ard to measiire
the incident energy of the particle under analysis. By arranging several different
combinations of coin¢idence and anticoincidence between the two detector systems,
different particle types over a wide energy range can be analyzed in a time-milti=
plexed matiner. The active plastic scintillator is always used in anticoincidence
with pulses in the main detectors and thus only particles entering through the nar-
row collimation system sre analyzed,

The ¢ollimator 18 designed to have a 3-deg field-of-view and because the satei-
lite is spinning, pitch-angle distributions of the particles will be obtained with this
angular acéuracy. The spectrometer will have the broad energy coverage listed in
Table 2. Electrons from 100 to 4100 keV will be measured with 12-chanrel differ-
entlal energy resolution., The channels can be programmed in flight to cover the
entire energy range or a limited energy rarige with high-energy resolution, The
flax of electrons between 3500 to 10, 000 keV will be measured if ¢ Jifferertial
channel, Solir protohia from 1 t6 100 MeV will also bz measured with 12- cicnriel
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energy resolution in several diffetent modes of operation selectable by command,

Thus, all the particle types and eriergy ranges of concern.to the radiation dose
problem will be measured in this single instrument,

Table 2. SC-3 Hi

gh-Energy Particle Experiment on SCATHA Mission

Characteristics
Particle Type Energy Range Resolution Comments
Electrons 100 to 4100 keV 12-¢hannel Channel widths
>3500 keV integral prograttimable from
15 keV to 100 kev
Protons 1 to 100 MeV 12-channel Multiple energy
modes required to
Alphas 6 to 60 MeV 12-chanrel cover energy range

The capabilities of the SC-3 experiment to resolve the fundamental difference
bétween the NASA and the Aerospace environment is illugtrated in Figure 4.. As
mentioned earlier, the AE-6 model exhibits a ruch steeper fall-off of the higher
énergy electrons than the Aerospace measurements indicate,
this resuiis prinei,ally from a laék of experimental data above ~2 MeV in energy.
As shown, the SC-3 experiment will define in great detail the shape of the electron
spectrum out to 4.1 MeV through the several operating modeés available in the in-

strunient.

In the future the spacecraft designers will have a better definition of the

energeti¢ radistion environment as input to his shielding analysis. Until that data
becomés available, however, he must design component shielding in a conservative
manner using the more evere and advérse environment Buggested by the Aerospace

measurements.
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Figure 4. Illustration of the Various Energy
Analyses that the SC-3 Experiinent on SCATHA
Will Provide on the Synchronous Orbit Eleéctron
Environment
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